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(57) ABSTRACT 

A method of purifying a nanomaterial and the resultant puri- 
fied nanomaterial in which a salt, such as ferric chloride, at or 
near its liquid phase temperature, is used to penetrate and wet 
the internal surfaces of a nanomaterial to dissolve impurities 
that may be present, for example, from processes used in the 
manufacture of the nanomaterial. 
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DESCRIPTION OF DRAWINGS 


1 

PURIFYING NANOMATERIALS 

ORIGIN OF THE INVENTION 

The invention described herein was made by employees of 5 
the United States Government and may be manufactured and 
used by or for the Government for Government purposes 
without the payment of any royalties thereon or therefore. 

BACKGROUND to 

Nanomaterials, such as boron nitride nanotubes (BNNT), 
have many potential applications in the field of electronics. 
However, synthesizing nanotubes with the necessary purity 
levels has been difficult because catalysts, such as iron, nickel 15 
and/or magnesium oxide reacted in atmospheres such as 
ammonia, produce undesired impurities. Before the resultant 
nanotubes can be effectively used, they must be purified. 
While most external impurities can be removed fairly easily 
by treating the raw product with an acid, insoluble impurities 20 
and the internal impurities are more tightly embedded and 
therefore, more difficult to reach without damaging the struc- 
ture of the nanomaterial. Heating acid treated materials to 
oxidize metallic impurities and subsequently retreating in 
acid is known. Unfortunately, when the internal impurities 25 
oxidize, they expand causing stress and possible structural 
damage to the nanomaterials. Functionalization is also a 
known technique for removing impurities. The functional- 
ized nanomaterial is placed in a solvent such that only the 
nanomaterial dissolves leaving behind the undissolved impu- 30 
rities. However, solvents that are completely effective are not 
always available. Sonification is another method used, in 
which ultrasonic vibration mechanically separates the impu- 
rities from the nano materials. This method has also been 
shown to cause damage to the structure of the nano material. 35 

BRIEF SUMMARY 

The process described herein, produces a purified nanoma- 
terial that can be effectively characterized and used, that may 40 
not alter or cause structural damage to the resultant materials. 

As used in the specification and claims, nanomaterials are 
structures designed at the molecular level (nanometer) having 
a principal chemical composition and other chemicals or 
impurities in less abundance. One such structure is a nano- 45 
tube. By contrast, a powdered form of the principal chemical 
composition is not considered a nanomaterial. The purified 
nanomaterials, such as BNNT, may have a purity level on the 
order of commercial grade powders. Using metal salts, such 
as iron chloride, near or at its liquid phase temperature as a 50 
solvent to penetrate and wet the internal surfaces of the nano- 
materials dissolves impurities, and allows the impurities to 
diffuse to the external surface to be washed away without 
causing intercalation or exfoliation. 

The accompanying drawings, which are incorporated in 55 
and constitute a part of the specification, illustrate various 
example systems, methods, and so on that illustrates various 
example embodiments of aspects of the invention. It will be 
appreciated that the illustrated element boundaries (e.g., 
boxes, groups of boxes, or other shapes) in the figures repre- 60 
sent one example of the boundaries. One of ordinary skill in 
the art will appreciate that one element may be designed as 
multiple elements or that multiple elements may be designed 
as one element. An element shown as an internal component 
of another element may be implemented as an external com- 65 
ponent and vice versa. Furthermore, elements may not be 
drawn to scale. 


FIG. 1 is a flowchart showing a procedure for removing 
impurities from a nanomaterial. 

FIG. 2 is a flowchart showing a procedure for removing 
impurities from a nanomaterial. 

FIG. 3 is a flowchart showing a procedure for removing 
impurities from a nanomaterial. 

FIG. 4 is a flowchart showing a procedure for removing 
impurities from a nanomaterial. 

FIG. 5 is a flowchart showing a procedure for removing 
impurities from a nanomaterial. 

FIG. 6 is a flowchart showing a procedure for purifying 
nanomaterials. 

FIG. 7 is a flowchart showing a procedure for purifying 
nanomaterials. 

FIG. 8 is a flowchart showing a procedure for purifying 
nanomaterials. 

FIG. 9 shows SEM photographs. 

FIG. 10 is a chart of experimental data. 

FIGS. 11 (a)-(c) are charts of experimental data. 

FIGS. 12 ( a)-(c ) are charts of experimental data. 

FIGS. 13 (a) and 13 ( b ) are charts of experimental data. 

DETAILED DESCRIPTION 

Nanomaterials, such as boron nitride nanotubes, may be 
synthesized by chemically combining excess reactants and 
catalysts. After the nanomaterials were prepared, it may be 
necessary to implement a purification process to remove any 
remaining impurities. 

Boron nitride is very water resistant or resistant to anything 
that is water soluble. Using a salt, like FeCl 3 as a solvent is 
effective in dissolving remaining impurities, because it has a 
high wettability such that while in its liquid state, it is able to 
disperse over a surface as opposed to forming droplets or 
beading. As the FeCl 3 approaches its liquid state, its ability to 
spread out and take the shape of its container or substrate 
increases, allowing the salt to flow into the internal surfaces of 
the BNNT and dissolve remaining impurities. Pure FeCl 3 
melts at 306° C. and boils at 315° C. For purposes of this 
disclosure a salt at its liquid or near-liquid state is deemed as 
being within 20% of its melting temperature. For example, 
FeCl 3 is at its liquid or near-liquid state when it is at a tem- 
perature between 245° C. and 367° C. At higher temperatures, 
as the FeCl, starts to decompose, chlorine gas may start to 
form. FeCl 3 completely decomposes to chlorine gas between 
400°-4 1 0° C. Chlorine can combine with a number of chemi- 
cals to form either gas or water soluble chlorides, which can 
then be rinsed away. However, any salt capable of wetting the 
nanomaterial may be used, such as A1C1 3 and CuCl 2 . In addi- 
tion, this process is not limited to boron nitride nanomaterials 
and excess boron, metals such as iron and magnesium and 
phosphorus impurities, but can also be applied to other nano- 
materials, such as carbon and silicon, and impurities such as 
cobalt and/or nickel. 

One embodiment of a method, 100, of removing impurities 
from the nanomaterials is shown in FIG. 1. The nanomaterials 
are treated with an acid, step 110. They are then exposed to a 
metal salt near or at its liquid state, step 112, and rinsed, step 
114. Alcohol, ethanol, ether, deionized water, carbon tetra- 
chloride and many others, can be used to rinse the nanoma- 
terials. 

.Another embodiment of a method, 200, of removing impu- 
rities from the nanomaterials is shown in FIG. 2. A salt, such 
as FeCl 3 , A1C1 3 or CuCl 2 , and the like is acquired from or 
provided by any of several sources, step 210. The salt is 
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heated to a temperature necessary to bring it to its liquid or 
near-liquid state, step 212. For example, FeCl 3 melts at 306° 

C. and a range of 250°-350° C. is suitable. The nanomaterial 
is then exposed to the liquid (or near-liquid) salt for a time 
sufficient to remove impurities from the nanomaterial, step 5 
214 . 

Another embodiment of a method, 300 , of removing impu- 
rities from the nanomaterials is shown in FIG. 3 . The nano- 
materials are treated with an acid, such as HC1, step 3 10 . After 
several hours of treatment in an acid, the nanomaterials are 10 
heated for about 30 minutes in an inert environment, such as 
N, at 1150° C., step 312 . The nanomaterials are exposed to a 
metal salt near or at its liquid state, such as FeCl 3 in the 
temperature range 250°-350° C., step 314 and then rinsed, J5 
step 316 . The materials are treated again in acid, step 318 , and 
rinsed, step 320 . 

Another embodiment of a method, 400 , of removing impu- 
rities from the nanomaterials is shown in FIG. 4 . The nano- 
materials are treated with an acid, such as HC1, step 410 , 20 
heated in air, step 412 , and treated with an acid at room 
temperature, step 414 . A metal salt, near or at its liquid state 
is used to treat the nanomaterials, step 416 . Hie nanomaterial 
is treated again in acid at room temperature, step 418 , and 
rinsed, step 420 . 25 

Another embodiment of a method, 500 , of removing impu- 
rities from nanotubes is shown in FIG. 5 . A nanotube, such as 
boron nitride nanotubes (BNNT) is treated in HC1 for 13.5 
hours, step 510 . The nanotubes may be heated in air at 700° C. 
for about 15 minutes, step 512 . HC1 or other suitable rinsing 30 
agent is used to rinse the nanotubes at room temperature for 
approximately 39.5 hours, step 514 . By heating for about 30 
minutes in an inert environment, such as N,, at 1 1 50° C., step 
516 , the nano tubes may be annealed. The nanotubes are 
exposed to a metal salt near or at its liquid state, such as FeCl 3 35 
in the temperature range 250°-350° C. to remove impurities, 
step 518 . After exposure, the nano tubes are rinsed with deion- 
ized water, step 520 . They may be treated again in acid for 
about 3 hours at room temperature, step 522 , and rinsed one 
more time, step 524 . Artisans will appreciate that fiinctionally 40 
equivalent substitutions of specific materials may be used. 

Another embodiment of a method, 600 , of purifying nano- 
materials is shown in FIG. 6. Surface impurities may be 
removed from the newly made nanomaterials, step 610 . 
Remaining impurities may be dissolved using a liquid salt, 45 
step 612 . The dissolved impurities may be removed, step 614 . 

An exemplary embodiment of a method, 700 , of purifying 
nanomaterials is shown in FIG. 7 . Surface impurities are 
removed from the nanomaterials, step 710 . Some of the 
insoluble compounds present in the nanomaterial structure 50 
are oxidized forming acid soluble compounds, step 712 . The 
acid soluble compounds are then dissolved in, for example, 
HC1, step 714 . Remaining impurities are dissolved using a 
salt, such as FeCl 3 in the temperature range 250°-350° C., 
step 716 . The dissolved impurities are then removed, step 55 
718 . 

Another embodiment of a method, 800 , of purifying nano- 
materials is shown in FIG. 8. Surface impurities may be 
removed from nanomaterials, such as boron nitride nano- 
tubes, step 810 . Undesirable insoluble compounds, such as 60 
Fe, Mg, B, and P, may be oxidized forming acid soluble 
compounds, step 812 . The acid soluble compounds are then 
dissolved, step 814 . To remove the impurities that are still 
insoluble, such as phosphorus, from the boron nitride struc- 
ture, the nanotubes are annealed, by heating for about 30 65 
minutes in an inert environment, such as N 2 at 1 1 50° C., step 
816 . Remaining impurities may be dissolved using a liquid or 
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near liquid salt, such as FeCl 3 in the temperature range 250°- 
350° C., step 818. The dissolved impurities may be removed 
by rinsing, step 820. 

EXPERIMENTAL RESULTS 

FIG. 9(a) show sca nnin g electron micrographs (SEM) of 
boron nitride nanomaterials after being exposed to FeCl 3 at its 
liquid or near-liquid state. FIG. 9(b) shows SEM of a nano- 
material after being exposed to FeCl 3 at a temperature above 
its boiling point. Both SEM micrographs indicate that the 
external surface of the nanomaterials is completely covered 
with impurities to the extent that the surface of the nanotubes 
could not be seen. It appears that after exposure to the FeCl 3 
salt in both the liquid and/or vapor phase, the impurities 
diffused from the internal structure and remained on the out- 
side surface after the ferric chloride was evaporated. Diffu- 
sion of impurities is believed possible as long as the liquid salt 
in contact with the internal surfaces has a higher concentra- 
tion of dissolved impurities than the liquid salt in contact with 
the external surfaces. In one embodiment, the salt for purifi- 
cation is one that may wet, but not react with, the surfaces of 
the nanomaterial. The diffusion process allows the impurities 
to be removed without having to alter the material structure 
such as, by intercalation and exfoliation. 

FIG. 10, shows two XRD scans indicated as curves A and 

B. Curve A, shows an XRD scan for a boron nitride nanoma- 
terial that was exposed for a few hours to FeCl 3 from below its 
melting point to above the boiling point. While the data show 
the presence of boron nitride and some impurities, there is no 
sign that any intercalation occurred during the process, as is 
evidenced by the fact that the intensity of the boron nitride 
peak does not decrease after exposure to the FeCl 3 which 
would be expected if the structure started to break apart or 
expand. Curve B shows an XRD scan of the same sample 
described above after it was briefly rinsed with water and 
dilute HC1 (less than 10 minutes total), and rescanned. The 
ratio of boron nitride to impurity peak height in curve B is 
higher than that in Curve A indicating that the impurities were 
partly removed. Longer and more methodical rinsing would 
remove more impurities. 

A representative x-ray diffraction (XRD) pattern is shown 
in FIG. 11(a). Within the detection limits of the X-ray dif- 
fractometer, the XRD scan indicates that the resultant BNNT, 
after the described purification process, is pure boron nitride 
because no other peaks exist beside the boron and nitrogen 
peak, 1100. In addition to XRD, energy dispersive spectrum 
(EDS) shown in FIGS. 11 (b) and 11(c) both indicate a boron 
to nitride ratio close to 1:1. FIG. 11(b) shows exemplary 
boron nitride nanotubes after the purification process, and 
FIG. 11(c) shows an EDS of 99.5% pure commercial grade 
boron nitride powder for comparison. 

Additional EDS data are shown in FIGS. 12(a), 12(b) and 
12(c) illustrating a sequential example of a purification pro- 
cess. FIG. 12(a) shows an EDS spectrum of an untreated, 
synthesized boron nitride nanotube (BNNT) containing, as 
expected, impurities including the catalysts and excess reac- 
tants used during the synthesis reactions. For example, the 
peaks at 2.0, 1200(a) and 6.3, 1210(a), indicate the presence 
of phosphorus and iron impurities respectively. 

The BNNT was treated with hydrochloric acid (HC1) at 60° 

C. for 13.5 hours to remove impurities external to the BNNT. 
The treated BNNT was then treated in air at 700° C. for 0.25 
hours to effectively oxidize insoluble impurities including 
iron (Fe), magnesium (Mg), boron (B) and phosphorous (P) 
to a mostly acid-soluble state. The BNNT was next disposed 
in room temperature HC1 for 39.5 hours to dissolve the oxi- 



US 8,734,748 B1 


5 

dized compounds. The BNNT was then annealed in an inert 
environment of nitrogen at 1150° C. for 0.5 hours to drive 
phosphorous out of the boron nitride structure. FIG. 12(b) 
shows an EDS spectrum of the sample following the treat- 
ment above. While it is noted that the y-axis scale is changed, 5 
the presence of impurities remains evident at the peaks at 2.0, 
1200(b) and 6.3, 1210(b). 

The BNNT was subsequently treated with 310° C. ferric 

chloride (FeCL) for 13 hours. The BNNT was then rinsed 

. 10 
with deionized water, treated with room temperature HC1 for 

3 hours and rinsed again with deionized water to wash away 
the dissolved materials. It is appreciated that other rinsing 
materials can be substituted, for example, alcohol, ether and 
other organic chemicals that can wet ferric chloride as long as ; 5 
the rinsing mechanism is capable of removing dissolved 
impurities from the nanomaterial. FIG. 12(c) shows an EDS 
spectrum of the sample following the treatment. It is noted 
that the spikes indicating impurities are significantly reduced 
and the primary remaining spikes at the far left for both boron ., (| 
and nitrogen at 0.4, 1220(c) and 0.5, 1230(c) are greater than 
any other spikes and the nitrogen spike is 1 5 -20% greater than 
the next highest spike. Either condition illustrates a purified 
BNNT. 

A purified BNNT was measured for impurity concentre- 15 
tions. Referring now to FIG. 13(a), after HC1 treatment, the 
partially purified BNNT contained phosphorus, peak 2, 1320, 
between 2-3% by weight, iron, peak 6.3, 1310, 6-13% by 
weight, magnesium, peak 1.2, 1330, 1-2% by weight and total 
metal (iron and magnesium) 7-15% by weight as determined 30 
by the scanning electron microscope (SEM) energy disper- 
sive spectroscopy (EDS) operating at 15 kV. Additional puri- 
fication included dissolving impurities with FeCl 3 in the tem- 
perature range 300-400° C. for 16 hours. Room temperature 
HC1 was used for a few hours to remove dissolved impurities. 35 
After which, impurities in the purified BNNT were barely 
detectable by SEM EDS operated at 1 5 kV. Referring now to 
FIG. 13 ( b ), the EDS calculated 0.1% by weight phosphorus, 
peak 2, 1420. The magnesium concentration is 0.2% by 
weight, shown at peak 1 .2, 1430, the iron concentration is 40 

0.5% by weight, peak 6.3, 1410, and total metal is 0.7% by 
weight as is evidenced by the significant decrease in height of 
peaks 1410 and 1420, as compared to peaks 1310 and 1320, 
respectively. As seen, the peaks 0.4, 1440, representing nitro- 
gen, and boron, 0.2, 1450, are the predominate features of the 45 
graph. 

While the systems, methods, and so on have been illus- 
trated by describing examples, and while the examples have 
been described in considerable detail, it is not the intention of 
the applicants to restrict or in any way limit the scope of the 50 
appended claims to such detail. It is, of course, not possible to 
describe every conceivable combination of components or 
methodologies for purposes of describing the systems, meth- 
ods, and so on provided herein. Additional advantages and 
modifications will readily appear to those skilled in the art. 55 
Therefore, the invention, in its broader aspects, is not limited 
to the specific details, the representative apparatus, and illus- 
trative examples shown and described. Accordingly, depar- 
tures may be made from such details without departing from 
the spirit or scope of the applicants’ general inventive con- 60 
cept. Thus, this application is intended to embrace alterations, 
modifications, and variations that fall within the scope of the 
appended claims. Furthermore, the preceding description is 
not meant to limit the scope of the invention. Rather, the scope 
of the invention is to be determined by the appended claims 
and their equivalents. 
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As used herein, “connection” or “connected” means both 
directly, that is, without other intervening elements or com- 
ponents, and indirectly, that is, with another component or 
components arranged between the items identified or 
described as being connected. To the extent that the term 
“includes” or “including” is employed in the detailed descrip- 
tion or the claims, it is intended to be inclusive in a manner 
similar to the term “comprising” as that term is interpreted 
when employed as a transitional word in a claim. Further- 
more, to the extent that the term “or” is employed in the 
claims (e.g., A or B) it is intended to mean “A or B or both”. 
When the applicants intend to indicate “only A or B but not 
both” then the term “only A or B but not both” will be 
employed. Similarly, when the applicants intend to indicate 
“one and only one” of A, B, or C, the applicants will employ 
the phrase “one and only one”. Thus, use of the term “or” 
herein is the inclusive, and not the exclusive use. See, Bryan 
A. Garner, A Dictionary of Modern Legal Usage 624 (2d. Ed. 
1995). 

The invention claimed is: 

1. A method of removing impurities from a boron nitride 
nanomaterial comprising: providing a salt; bringing the salt to 
a liquid or near-liquid state; and exposing the boron nitride 
nanomaterial to the liquid or near-liquid salt for a time suffi- 
cient to remove impurities from the nanomaterial, where the 
bringing the salt to a liquid or near-liquid state comprises 
heating the ferric chloride to a temperature between 250° and 
350° C. 

2. The method as set forth in claim 1, where the nanoma- 
terial comprises nanotubes. 

3. The method of claim 1 wherein the product of claim 1 is 
rinsed in water. 

4. The method as set forth in claim 1, further comprising 
pre-treating the nanomaterial with an acid. 

5. The method as set forth in claim 1, further comprising 
rinsing the nanomaterial. 

6. The method as set forth in claim 1, where the impurities 
comprise iron and phosphorous. 

7. A method of purifying a boron nitride nanomaterial 
comprising: removing external impurities from the boron 
nitride nanomaterial with a first acid; oxidizing insoluble 
impurities associated with the boron nitride nanomaterial 
creating acid soluble compounds; dissolving the acid soluble 
compound in a second acid; driving impurities that are still 
insoluble out of the boron nitride nanomaterial structure by 
heating the boron nitride nanomaterial in an inert atmosphere; 
dissolving internal boron nitride nanomaterial impurities 
with a salt; and rinsing the dissolved internal impurities from 
the boron nitride nanomaterial, where the dissolving internal 
nanomaterial impurities with a salt comprises: bringing ferric 
chloride to a temperature between 250° and 350° C.; and 
treating the nanomaterial with the ferric chloride. 

8. The method as set forth in claim 7, where the first acid 
and second acid are the same acid. 

9. The method as set forth in claim 7, where an impurity 
comprises boron. 

10. The method as set forth in claim 7, where an impurity 
comprises nickel. 

11. The method as set forth in claim 7, where an impurity 
comprises cobalt. 

12. The method as set forth in claim 7, where the rinsing 
comprises rinsing the nanomaterial with one of water, alcohol 
and ether. 

13. The method as set forth in claim 7, where the nanoma- 
terial comprises nanotubes. 





